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Abstract Material On the

e are studying the elastic linear
and nonlinear behavior of
granular media using dynamic

wave methods. In the work
presented here, our goal is to quantify the elastic
nonlinear response by applying both wave
resonance and pulse-mode measurements.
Resonance studies are desirable because they
provide the means to easily study amplitude
dependencies of elastic nonlinear behavior and
thus to characterize the physical nature of the
elastic nonlinearity. Pulse-mode studies provide

Experimental
Configuration

igh sensitivity dynamic resonance
and pulse-mode studies were
conducted using granular media,
glass beads, under controlled
effective pressure (see figure below). The glass
beads are held under pressure by a piston, while
applying resonance waves from transducers as both
the excitation and the material probe. The
container is closed with two fitted pistons and a

Softening due
to Nonlinear
Response under
Resonance
Conditions

Slow Dynamics
in Granular

Media

ne of the most intriguing aspects of
the dynamical nonlinear behavior of
granular media is Slow Dynamics, o

phenomenon also observed in rock
fo a lesser degree (see, for example, Guyer and
Johnson, 1999). After the wave disturbance, the
material modulus and Q do not immediately return

Modulus
Decrease with
Amplitude in
Pulse-Mode

he source is a sinusoidal, one-cycle
pulse composed of 50 kHz, (duration
20 vs), driven af low (linear elastic) fo

progressively higher (nonlinear elastic)
drive amplitudes. The effective pressure is 0.14

Scaling and

Physical Nature
of the

Nonlinearity

he scaling relation between the
normalized change in frequency At/fg
and the amplitude provides clues to the

physical nature of the elastic
nonlinearity, based on existing models. A classical

Physical Origin
of the Behavior

s noted, we have a phenomenological
description of the elastic behavior.
The actual physics has its origin in the

grain-to-grain interactions that can be
described by Hertz-Mindlin theory (see, e.g.,
Ostrovsky and Johnson, 2001) for instance. Heriz-
Mindlin theory describes the the forces between

Summary and
Conclusions

he physics of sand piles is an area of
intense research (e.g., Jaeger et al.
1996). We have described dynamical

measurements in granular media under
resonance and pulse-mode conditions. The
measurements indicate that granular media is
highly nonlinear and hysteretic. Granualr media
also exhibit the intriguing phenomenon called slow
dynamics, a creep-like phenomenon where, after

dynamic wave excitation, the material modulus
takes hours to days to return back to its original
state. We have also shown that, as effective
pressure increases, the nonlinear response
decreases.

inferacting spheres, where hysteretic effects arise
from contained fluids, fluid films and shearing
during pressure oscillafion.

fo their original, equilibrium values. Recovery
takes hours to days depending on the effective
pressure and appears fo recover with the log of
fime. The figure below shows the recovery of the
modulus under two different effective pressures.

model of solids in one dimension, based on
anharmonicity, is described by,

Mpa. Modulus is normalized to its (linear-elastic)
value. This experiment shows that the modulus
decrease is immediate with a pulse, although less
significant than under resonance conditions,
because wave amplitudes are smaller.

information about the fime scale of the onset of
nonlinear response. This work has implications for
a variety of topics, in particular, the in situ
nonlinear response of surface sediments and
dynamic earthquake triggering. For this work we

across the top piston. Force and displacement are taken under 0.11 MPa effective

measured directly. pressure (80 N force; the pore pressure

is 1 atm): Resonance frequency of
17700 Hz progressively decreases to 17,250 Hz

normal load is applied to the granular sample F undamental-mode resonance-curves

o=Ke(l+Pe+0e?+...)
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